, and it is concluded that the differences between the Al and Ga systems reflect the higher Lewis acidity of aluminium(III) towards soft donor ligands.
Introduction
Aluminium chloride is an archetypal Lewis acid, widely used in industry and in the laboratory as a catalyst for condensation, polymerisation and isomerisation reactions. It is perhaps best known as a Friedel-Crafts catalyst for alkylations or acylations where the strong affinity for chloride generates incipient carbocations in combination with [AlCl 4 ] − anions. 1,2 Typically, AlBr 3
and AlI 3 are weaker Lewis acids, but chemically similar. Solid AlCl 3 contains six-coordinate aluminium, but in the melt or when dissolved in inert solvents, dimeric tetrahedral molecules [Cl 2 Al(µ-Cl) 2 AlCl 2 ] are present. Solid AlBr 3 is also dimeric, [Br 2 Al(µ-Br) 2 AlBr 2 ], whereas AlI 3 is a chain polymer [{I 2 Al(µ-I)} n ]. 3 The extensive coordination chemistry of these three halides, mostly with hard N-or O-donor ligands, continues to attract much effort. 3 In contrast, AlF 3 is an inert polymer containing six-coordinate aluminium; few complexes are known. 4 Complexes of aluminium halides with neutral soft-donor ligands have received much less attention and current knowledge is not systematic. 3 We recently reported The isolation of the latter was unexpected since gallium(III) halides gave only four-coordinate complexes with the bidentate chalcogenoethers. 6 Both Al and Ga can achieve six-coordination with thia-and selena-macrocycles. 6, 7 There are a substantial number of phosphine and arsine complexes of trialkylaluminiums, and even some examples with stibine and bismuthine ligands; all contain four-coordinate aluminium with a single Group 15 donor per Al centre, even when polydentate ligands are used. 8 In contrast, complexes with AlX 3 are few, and almost all are of the type [X 3 Al(E′R 3 )] (E′R 3 = PPh 3 , 9 AsPh 3 , 10 AsEt 3 , 10 AsMe 3 , 10 P(mesityl) 3 11a or P(SiMe 3 ) 3 11b ) containing tetrahedral aluminium centres. 8 There has also been much recent interest in exploring the relative Lewis acidity among the Group 13 halides. DFT calculations have predicted that Lewis acidity generally falls AlCl 3 > AlBr 3 ≫ AlI 3 and AlCl 3 > AlBr 3 > GaCl 3 > GaBr 3 (gas phase) (ref. 8, 9, 15 and references therein) and this is supported by experimental data, although in some cases intermolecular interactions or solvate molecules can mask these trends in the solid state. 9 Here we report systematic studies of AlX 3 (X = Cl, Br or I) complexes with some diphosphine and diarsine ligands and detailed comparisons with the gallium(III) analogues.
Experimental section
All preparations were carried out under rigorously anhydrous conditions via a dry dinitrogen atmosphere and standard Schlenk and glove-box techniques. Anhydrous grade aluminium trihalides were obtained commercially (Aldrich) and used as received. The ligands were obtained commercially (Strem or Aldrich), apart from o-C 6 H 4 (PMe 2 ) 2 and o-C 6 H 4 (AsMe 2 ) 2 which were made by the literature methods. 16 Solvents were dried by distillation from CaH 2 (CH 2 Cl 2 , MeCN) or sodium benzophenone ketyl (hexane, toluene). IR spectra were recorded as Nujol mulls between CsI plates using a Perkin Elmer Spectrum 100 spectrometer over the range 4000-200 cm −1 . 1 H and 31 P{ 1 H} NMR spectra were recorded using a Bruker AV300 or DPX400 spectrometer and referenced to the residual solvent resonance and external 85% H 3 PO 4 respectively. 27 Al NMR spectra were recorded with a Bruker DPX400 spectrometer and referenced to external [Al(H 2 O) 6 ] 3+ .
Microanalytical measurements were performed by Medac Ltd or London Metropolitan University. To a suspension of AlCl 3 (0.090 g, 0.67 mmol) in CH 2 Cl 2 (5 mL) was added Me 2 P(CH 2 ) 2 PMe 2 (0.100 g, 0.67 mmol) in CH 2 Cl 2 (5 mL). The resulting solution was stirred for 2 h, then the solvent volume was reduced to about 2 mL in vacuo and layered with hexane (2.5 mL), whereupon small colourless blocks suitable for single crystal X-ray diffraction study grew. The crystalline material was then isolated by filtration and dried in vacuo to give a white solid. Yield: 0.145 g (77% To a suspension of AlCl 3 (0.133 g, 1.00 mmol) in CH 2 Cl 2 (5 mL) was added PMe 3 (0.154 g, 2.02 mmol) in CH 2 Cl 2 (5 mL). The resulting solution was stirred for 1.5 h, then the solvent was removed in vacuo and the resulting white solid was washed with hexane (6 mL). The hexane was decanted off and the white powder was dried in vacuo. Yield: 0.191 g (67%). Small colourless crystals suitable for single crystal X-ray diffraction study were grown from a concentrated CH 2 Cl 2 reaction solution kept at −18°C. [AlBr 3 (PMe 3 )]
To a yellow solution of AlBr 3 (0.175 g, 0.66 mmol) in toluene (3 mL) was added PMe 3 (0.050 g, 0.66 mmol) in toluene (3 mL). The resulting colourless solution was stirred for 1.5 h, then the solvent was removed in vacuo to yield a white powder, which was dried in vacuo. Yield: 0.186 g (83%). Anal. Calc. for C 3 H 9 AlBr 3 P: C, 10. solvent of choice since it is very weakly coordinating and freezes at 176 K, with data collected immediately from freshly prepared solutions.
Diphosphine complexes
The reaction of o-C 6 H 4 (PMe 2 ) 2 with AlCl 3 in CH 2 Cl 2 , irrespective of the mol ratio of reactants used (1 : 1 or 1 : 2), formed white crystals with a 1 : 1 o-C 6 H 4 (PMe 2 ) 2 -AlCl 3 stoichiometry (see Scheme 1). These were shown by the X-ray structure determination to be trans-[AlCl 2 {o-C 6 H 4 (PMe 2 ) 2 } 2 ][AlCl 4 ], containing a pseudo-octahedral cation (Fig. 1) . They precipitate as fine powders from toluene and slow reaction with CH 2 Cl 2 (see above) precludes using this solvent for crystallization for the bromo and iodo complexes, although it was used satisfactorily in the less reactive gallium systems. 13 The complexes are also decomposed by MeCN with partial displacement of the phosphine. The spectroscopy of the three complexes show that all contain six-coordinate trans isomers; the first examples of six-coordination in aluminium phosphine complexes. 
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The NMR spectra are essentially invariant over the temperature range 295-233 K, in contrast to those of the corresponding thioether or selenoether complexes, which show fast dissociative ligand exchange is present at ambient temperatures. The reaction of AlCl 3 with the sterically bulkier o-C 6 H 4 (PPh 2 ) 2 in either toluene or CH 2 Cl 2 using a variety of conditions and molar ratios, invariably produced white powders with an AlCl 3 -o-C 6 H 4 (PPh 2 ) 2 stoichiometry of 2 : 1. These showed a strong band in the IR spectrum at 483 cm 4 ] crystallised preferentially from a solution in which it was a minor constituent. The structure of the cation is shown in Fig. 3 . The d(Al-P) are ∼0.1 Å longer than those in trans-[AlCl 2 {o-C 6 H 4 (PMe 2 ) 2 } 2 ] + , reflecting the relatively weaker donor power of the diphenylphosphino groups, and possible steric hindrance. All attempts to isolate the six-coordinate complex as a bulk product have failed, but its existence was very surprising given the presence of two very bulky ligands chelating to the small aluminium centre, and the absence of similar gallium complexes. The reaction of AlX 3 (X = Cl, Br or I) with Me 2 P(CH 2 ) 2 PMe 2 in a 1 : 1 mol ratio produces trans-[AlX 2 {Me 2 P(CH 2 ) 2 PMe 2 } 2 ]-[AlX 4 ], which contrasts with the corresponding GaX 3 complexes of diphosphinoethanes which produce only the dimers [X 3 Ga{μ-R 2 P(CH 2 ) 2 PR 2 }GaX 3 ]. 13 The (Fig. 4) . The multinuclear NMR data obtained for the three trans-[AlX 2 {Me 2 P(CH 2 ) 2 PMe 2 } 2 ][AlX 4 ] ( Table 2 and Experimental section) show these to be the only forms present in CH 2 Cl 2 solution, with the chemical shifts and coupling patterns similar to those discussed above for the complexes of o-C 6 H 4 (PMe 2 ) 2 . Notably, for trans-[AlI 2 {Me 2 P(CH 2 ) 2 PMe 2 } 2 ]- [AlI 4 ] the 27 Al NMR resonance of the cation, δ = −33.9, was observed as a broad singlet, illustrating how the presence or absence of a resonance due to the quadrupolar nucleus varies with very small changes in the coordination environment, which clearly affect the electric field gradient and hence the relaxation rate. . A few colourless crystals formed from one reaction mixture containing AlCl 3 -Me 2 P(CH 2 ) 2 PMe 2 in a 1.5 : 1 mol ratio were found to be of the bridged complex, thus confirming its identity (Fig. 5) .
The molecule is centrosymmetric with rather shorter d(Al-P) and d(Al-Cl) than in the corresponding six-coordinate complexes described above, due to the decreased coordination number. Although not isomorphous, it is also generally similar to the structures reported 13 for [(GaX 3 ) 2 {Et 2 P(CH 2 ) 2 -PEt 2 }] (X = Br or I). The formation of the ligand-bridged dimer in the chloride system alone shows that steric factors from the increased radius of the halide co-ligands are not the driving force, but increasing the cone angle at phosphorus would be expected to favour a lower coordination number at Al.
To explore this we examined the AlCl 3 complexes of Et 2 P-(CH 2 ) 2 PEt 2 and Cy 2 P(CH 2 ) 2 PCy 2 . The former gave a similar mixture of six-and four-coordinate species to that described and these complexes were not studied further, but the more bulky cyclohexyl-substituted ligand gave only the dimer, [( − and phosphonium cations. The X-ray structure (Fig. 6 ) was obtained from a very small crystal, and confirms the centrosymmetric dimer. The d(Al-P), d(Al-Cl), <Cl-Al-Cl and <Cl-Al-P are similar to those in the dimer shown in Fig. 5 , showing the bulky cyclohexyl groups do not exert any great steric effects at the four-coordinate aluminium centre. The 27 Al NMR (CH 2 Cl 2 -CD 2 Cl 2 , 295 K) of this complex shows a singlet at δ = 110.6, consistent with a tetrahedral aluminium centre, whilst the 31 P{ 1 H} NMR is a singlet at δ = −0.5.
The coordination shift (Δ) for this complex is very small and negative (−0.3) which contrasts with the small positive values of Δ seen for the other diphosphine complexes. This observation parallels those observed in trimethylaluminium-phosphine complexes, where small phosphines exhibit small positive coordination shifts, but as the steric bulk of the phosphine increases the Δ values become negative, attributed to steric effects. 25 
Monophosphine complexes
The reaction of AlCl 3 with PMe 3 in a 1 : 1 molar ratio in anhydrous CH 2 Cl 2 forms four-coordinate [AlCl 3 (PMe 3 )], whilst using a 1 : ≥2 molar ratio produced five-coordinate trans-[AlCl 3 (PMe 3 ) 2 ]. The X-ray structures of both were determined ( Fig. 7 and 8 ) and reveal the expected C 3v and D 3h geometries respectively. The d(Al-Cl) and d(Al-P) distances are ∼0.07 Å longer in the five-coordinate complex, attributed to the increased coordination number. Fig. 9 . The dimensions are unexceptional, but the formation of this species again shows that the reactivity of the aluminium halide systems is not limited to ligand 8, 13 In contrast, as described above, aluminium(III) halides can produce four-, five-or six-coordinate complexes depending upon the phosphine present. In p-block chemistry coordination numbers and geometries are controlled by a combination of steric and electronic effects, and the structural and composition data reported above, combined with literature data, [8] [9] [10] [11] [12] [13] 21 should allow some elucidation of the factors involved. Considering steric effects first, the single bond covalent radii of Al(III) and Ga(III) are quoted in standard texts as very similar (∼1.25 Å), although the ionic radius of Ga 3+ is ∼0.07 Å larger than that of Al 3+ . 27 In a study of complexes with
Group 16 donor ligands, we found that for comparable complexes, d(M-X) and d(M-E) (E = S, Se, Te) were very similar for M = Al or Ga and typically ∼0.2 Å longer for M = In. 5 DFT calculations predict that the bond lengths involving neutral ligands for a fixed metal (Al, Ga or In) generally increase (for gas phase molecules) Cl < Br < I, reflecting decreasing Lewis acidity down the series. 5, [7] [8] [9] However, in some cases solid state effects ( packing effects, intermolecular interactions, hydrogen bonding or interaction with solvent molecules) can mask this trend. 9 In order to explore the issue of size between Al and Ga centres, we compared d(M-X) (X = Cl, Br or I) for the fourcoordinate [MX 4 ] − ions, with data taken from the Cambridge Structural Database. 28 The results are shown in Table 3 and as histograms in the ESI † and show that the d(M-X) are essentially the same for gallium and aluminium. The fact that aluminium(III) has the same covalent radius to gallium(III) allows us to rule out steric effects as an explanation for the ability of aluminium to achieve a higher coordination number than gallium in many of the phosphine systems described in the present work. The similar size of Al and Ga is explained as being due to the "3d block contraction", i.e. the increased nuclear charge resulting from insertion of the 3d transition metals, not completely offset by the screening effect of the 3d electrons. The trend to higher coordination numbers found for aluminium(III) is thus an electronic effect, resulting from higher Lewis acidity towards phosphine ligands, as predicted by the DFT studies.
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Conclusions
The synthesis, structures and spectroscopic characteristics of a range of four-, five, and six-coordinate aluminium complexes with phosphine donor ligands have been described. The contrasts with gallium(III) phosphine chemistry have been highlighted and shown to be due to greater Lewis acidity of the aluminium centre in these systems, consistent with computational predictions. 9, 15 In contrast to many d-block metals where analogous phosphine and arsine ligands produce very similar chemistries, the affinity of AlX 3 for arsines is markedly less, and only four-coordinate complexes were identified. This discrimination is also seen in complexes of other light p-block elements; SiX 4 (X = Cl, Br or I) form phosphine complexes but do react with AsMe 3 or o-C 6 H 4 (AsMe 2 ) 2 , 29 whilst GeCl 4 produces the structurally authenticated trans-[GeCl 4 (AsR 3 ) 2 ] (R = Me or Et), but does not form a complex with o-C 6 H 4 (AsMe 2 ) 2 .
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The high reactivity of AlX 3 also contributes to the synthetic challenges in this area, with their ability to activate chlorocarbon solvents toward reaction at the P-or As-centres. 
